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Abstract 

Chlamydia grows inside a cytosolic vacuole (the inclusion) that is supplied with nutrients by the host through vesicular and 
non-vesicular transport. It is unclear in many respects how Chlamydia organizes this transport. One model posits that the 
CWamyd/a-induced fragmentation of the Golgi-apparatus is required for normal transport processes to the inclusion and for 
chlamydial development, and the chlamydial protease CPAF has been controversially implicated in Golgi-fragmentation. We 
here use a model of penicillin-induced persistence of infection with Chlamydia trachomatis to test this link. Under penicillin- 
treatment the inclusion grew in size for the first 24 h but after that growth was severely reduced. Penicillin did not reduce 
the number of infected cells with fragmented Golgi-apparatus, and normal Golgi-fragmentation was found in a CPAF- 
deficient mutant. Surprisingly, sphingomyelin transport into the inclusion and into the bacteria, as measured by 
fluorescence accumulation upon addition of labelled ceramide, was not reduced during penicillin-treatment. Thus, both 
Golgi-fragmentation and transport of sphingomyelin to C. trachomatis still occurred in this model of persistence. The 
portion of cells in which CPAF was detected in the cytosol, either by immunofluorescence or by immune-electron 
microscopy, was drastically reduced in cells cultured in the presence of penicillin. These data argue against an essential role 
of cytosolic CPAF for Golgi-fragmentation or for sphingomyelin transport in chlamydial infection. 
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Introduction 

A number of chlamydial species infect humans and/ or animals. 
The clinically most relevant human pathogenic species is 
Chlamydia trachomatis, which causes eye infections and infections 
of the urogenital tract on a massive scale worldwide [1]. 

Chlamydiae are obligate intracellular bacteria that largely infect 
epithelial cells and that have a unique developmental cycle [2]. 
They occur in two differentiation states: the elementary body (EB) 
is small and infectious but has little metabolism [3] while the 
reticulate body (RB) is larger, metabolically active and divides but 
is non-infectious. The cycle starts when the EB is taken up by a 
host cell. The endocytic vacuole is modified by chlamydial proteins 
and develops into a specialized intracytoplasmic organelle termed 
inclusion, where upon differentiation of EB to RB the bacteria 
start to replicate. Eventually RBs differentiate back into EBs, 
which are released to infect other cells. In vitro, this cycle takes 
about 48 h for C. trachomatis [2]. 



The inclusion provides a protective and optimized environment 
for the replicating bacteria. However, growth in the inclusion also 
necessitates the acquisition of nutrients across the inclusion 
membrane including host-derived membrane lipids (sphingomy- 
elin and cholesterol) as well as phospholipids for the growing 
inclusion membrane and the bacteria themselves [4-7]. In 1995, 
Ted Hackstadt and colleagues showed that exogenously added 
ceramide is converted to sphingomyelin within the host cell and 
taken up into the bacterial cell wall [8] . Since then, many studies 
have investigated aspects of lipid transport to the chlamydial 
inclusion (for review see [9]). Part of lipid-acquisition appears to 
occur by redirection of post-Golgi-trafficking to the inclusion and 
the fusion of post-Golgi-vesicles with the inclusion membrane 
[10,11]. One factor that seems relevant for this route is the 
infection-associated fragmentation of the Golgi apparatus (GA) 
[12]. GA-fragmentation coincides with the (contentious) loss of the 
GA-matrix protein golgin-84, and since the experimental reduc- 
tion of golgin-84 also causes GA-fragmentation, the infection- 
induced loss of this protein may be an explanation for the changes 
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to the GA (although it would appear likely that the arrangement 
around the inclusion requires additional factors). However, a more 
recent study suggests that the degradation of golgin-84 is at least 
partly caused by proteolysis during experimental preparation of 
cell lysates [13], and CPAF-deficient chlamydial strains still show 
Golgi-fragmentation [14]. 

We have recently found that golgin-84 can be cleaved during 
ectopic expression (i. e. expression without infection) of the 
chlamydial protease CPAF [15]. CPAF enters the host cell cytosol 
from the inclusion at about 14— 16 h after infection with C. 
trachomatis, as evidenced by immunofluorescence [16]. A number 
of host cell CPAF-substrates are known. These proteins have been 
found to be cleaved during infection and mostly upon addition of 
CPAF to cell lysates. Generally, biological consequences have been 
attributed to these cleavage events although the already mentioned 
study shows that the extent of cleavage observed can depend on 
the sample preparation, suggesting that at least a substantial part 
of the cleavage is an extraction artifact [13]. 

The potential link between the secretion of CPAF, proteolysis of 
host cell proteins, fragmentation of the GA and lipid transport to 
the inclusion is still uncertain (although the mentioned study of 
CPAF-deficient C. trachomatis adds some clarity). The extent of 
proteolysis in intact cells is unknown, and it is not possible to block 
GA-fragmentation directly and without side effects. We have in 
the past used a synthetic tetrapeptide-inhibitor (WEHD-fmk) that 
clearly appears to block CPAF activity [15], and this inhibitor 
blocks not only CPAF-dependent effects but also chlamydial 
growth and GA-fragmentation. However, it is impossible to know 
whether it also interferes with other bacterial or host factors and 
may therefore indirectiy block GA-fragmentation. 

To obtain additional information on the interrelation of the 
described events we here used a model of chlamydial persistent 
infection. A 'persistent' state of Chlamydia can be readily induced 
by treatment of infected cell cultures with Penicillin G (PenG), 
IFN-y or iron chelating agents [17]. In vitro persistent infections 
are characterized by enlarged RBs of atypical morphology, which 
divide very little ('aberrant RBs') [18]. Whether persistence plays a 
role in vivo, such as in chronic infections, is not clear. However, 
experimental induction of persistence alters a number of features 
of the infection and therefore offers a possibility to test cell 
biological aspects of chlamydial infection in a situation that is, 
although not very well defined, different from acute infection. 
Three different cell types were in this study infected with C. 
trachomatis, and acute infection was compared to PenG-induced 
persistence. We compared localization of CPAF, GA-fragmenta- 
tion and sphingomyelin-transport to the bacteria between these 
two conditions. Golgi-fragmentation was further tested in one of 
the described CPAF-deficient strains of C. trachomatis. 

Materials and Methods 

Cell culture 

All cell lines were cultured at 37°C and 5% C0 2 . HeLa cells 
and mouse embryonic fibroblasts (MEFs [19]) were maintained in 
Dulbecco modified Eagle's minimal essential medium (DMEM) 
supplemented with 10% fetal calf serum (FCS, tetracycline 
negative; PAA Laboratories), for the MEF cells, 50 |0,M fi- 
mercaptoethanol (Gibco) was added. The mouse oviduct epithelial 
cells (C57epi. 1 [20]) were a kind gift of Dr. Raymond Johnson 
(Division of Infectious Diseases, Indiana University School of 
Medicine, Indianapolis, Indiana, USA) and were maintained in 
epithelial growth medium (1:1 DMEM and Nutrient Mixture F12- 
Ham (Sigma, #N3520) with 3.1 g/L sodium bicarbonate (Sigma, 
#S5761), 0.5 mg/ml bovine insulin solution (Sigma, #14011), 



10% FCS Gold (PAA Laboratories), 2 nM Glutamax I (Gibco) 
and 25 ng/|ll Keratinocyte Growth Factor (KGF, Sigma 
#K1757)). 

Infection with C. trachomatis 

Chlamydia trachomatis LGV2 (L2) was obtained from the 
American Type Culture Collection (ATCC) and stored in SPG at 
-80°C. The CPAF nonsense mutant CTL2-M169 [RST17] 
(CPAF—) and the corresponding CPAF expressing control strain 
CTL2-M169 [RST5] (CPAF+) were kindly provided by Dr. 
Raphael H. Valdivia (Department of Molecular Genetics and 
Microbiology, Center for Microbial Pathogenesis, Duke University 
Medical Center, Durham, NC, USA). One day prior to infection, 
cells were seeded in their respective culture medium and incubated 
at 37°C with 5% CO z overnight. Chlamydiae were added direcdy 
to the cells at the specified multiplicity of infection (MOI). 100 U/ 
ml PenG (Sigma) was added at the same time as the Chlamydiae. 
PenG concentration was as in a previous report [21]. 

Immunofluorescence 

For immunofluorescence cells were seeded in 24 well plates onto 
coverslips and infected as described above. For microscopy cells 
were fixed in methanol for 10 minutes or in 4% PFA for 
20 minutes, permeabilized for 10 minutes in 0.2% Triton X-100 
(Sigma) in PBS and blocked in 5% bovine serum albumin (BSA, 
Sigma) in PBS. Antibodies used were: rabbit anti-Chlamydia 
(1:2.000, Milan Analytica #20-698); Cy5-donkey anti-rabbit 
(1:300, Jackson ImmunoResearch); FITC-donkey anti-rabbit 
(1:300, Dianova), mouse anti-CPAF clone 100a (1:200, kind gift 
from Dr. Guangming Zhong, Department of Microbiology and 
Immunology, University of Texas Health Science Center at San 
Antonio, Texas, USA); Cy5-donkey anti-mouse (1:300, Dianova). 
Subsequently the samples were stained with Hoechst (1:15.000, 
Sigma) for 10 minutes before being mounted in Permafluor 
(Thermo Fisher). The samples were analyzed with an AxioPlan 2 
microscope (Zeiss) using the Axio Vision software 4.8.2 (Zeiss) or 
with a BZ 9000E microscope (Keyence) using the BZ II Analyzer 
software 1.42 (Keyence). Images were processed and assembled 
with Adobe Illustrator CS6 (Adobe). 

Electron microscopy 

HeLa cells were seeded in 24 well plates onto coverslips and 
infected with C. trachomatis L2 for 30 h. The cells were fixed in 
4% PFA/0, 1% glutaraldehyde (EM grade, Roth) for 20 minutes 
and stained over night with the mouse anti-CPAF antibody (1:50) 
in 50 mil TBS/2% normal goat serum, washed with 50 mM 
TBS and stained over night with a gold-coupled anti-mouse 
antibody (1:100, Nanoprobes). After silver intensification (HQ 
silver, Nanoprobes) and counterstain with 0. 1 % osmium tetroxide 
(Roth), samples were embedded in Durcupan (Fluka), subjected to 
ultra-thin-sectioning and analyzed with a Zeiss Leo TEM. 
Quantification of immunogold labeling was performed using 
ITEM software (Olympus, Germany). Briefly, pictures of infected 
cells were randomly taken, the regions of interest (inclusions or 
cytoplasm) were oudined and the number of gold particles was 
counted within these regions. Non infected, stained cells of the 
same culture dishes were taken as negative control. 

Ceramide transport 

HeLa cells were seeded in glass bottom dishes (MatTek, 
Ashland, MA) and infected with C. trachomatis L2, with or 
without addition of 100 U/ml PenG, for 24 h. The medium was 
replaced with fresh medium containing 100 nM BODIPY FL C 5 
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ceramide (Invitrogen #B22650). After 30 minutes, cells were 
subjected to time lapse microscopy at 37°C in a chamber with 
humidified atmosphere (6.5% C0 2 and 9% 0 2 ). An inverted 
Axiovert 200 M microscope (Zeiss) equipped with a Yokogawa 
CSU-X1 spinning disc confocal head (Tokyo, Japan), an emission 
filter wheel, a Coolsnap HQ II digital Camera (Roper Scientific, 
Tucson, AZ) and driven by Metamorph imaging software version 
7.7.1 1.0 (Universal Imaging) was used to collect images. BODIPY 
FL C 5 ceramide was excited with a 488 nm solid state laser. 
Fluorescence intensities were measured inside the inclusion in a 
34 |J,m 2 area (acute n = 35; persistent n = 26 inclusions) at the 
indicated time points. Averages and SEM of two independent 
experiments were calculated using Microsoft Excel 2010. 

Western Blot 

For Western Blot analysis, HeLa cells were seeded in 6 well 
plates and infected as described above. At the indicated time 
points, either Urea (8 M) or RIPA-extracts were prepared: for 
RIPA-extracts, cells were washed with PBS, trypsinized and 
pelleted (3824 g, 5 min, 4°C). After a washing step with PBS, cells 
were resuspended in RIPA-Buffer (Sigma) supplemented with 
Protease Inhibitor (Complete, Roche) and Benzonase (25 U/ml, 
Novagen). After 30 minutes incubation on ice cell debris was 
removed (17949 g, 10 min, 4°C) and the supernatant was 
transferred to a fresh cap. For Urea-extracts, cells were kept on 
ice, washed with PBS and incubated for 10 min with 8 M urea 
(J.T. Baker), supplemented with 325 U/ ml Benzonase (Novagen). 
Cells were harvested by scraping, pelleted and the supernatant was 
transferred to a fresh tube. For both extraction methods, 
supernatants were then supplemented with 6x Laemmli-Buffer to 
a final concentration of lx and heated to 95°C for 10 min. Prior to 
addition of the SDS-sample buffer, an aliquot was taken for 
protein assay (Biorad). Ten micrograms protein was loaded onto 
10% SDS gels and transferred to nitrocellulose membranes. After 
blocking the membranes (5% milk in TBS-T) they were incubated 
with the respective antibody at 4°C overnight. Primary antibodies 
were directed against chlamydial Hsp60 (mouse, 1:1.000, Enzo 
Life Sciences #ALX-804-072), CPAF (rabbit, 1:1.000, [22]) and 
P-actin (mouse, 1:10.000 Sigma #A5441); Secondary antibodies: 
Goat anti-rabbit (Sigma #A6667), goat anti-mouse (Jackson 
ImmunoResearch #115-035-166). 

Construction of stable cell lines 

In order to construct the stable HeLa cell line YFP-Golgi-HeLa, 
a fusion protein of enhanced yellow fluorescent protein (EYFP) 
and the N-terminal 81 amino acids of human beta 1,4- 
galactosyltransferase (the membrane-anchoring signal peptide that 
targets the fusion protein to the trans-medial region of the Golgi 
apparatus [23]) was cloned into the lentiviral vector pFCMV-TO- 
GW (kind gift from Dr. John Silke, Department of Biochemistry, 
LaTrobe University, Melbourne, Australia). HeLa cells were 
lentivirally transduced and selected with 1.5 Hg/ml puromycin 
(Invivogen). 

Results 

Inclusion growth in acute and persistent infection 

We used the human epithelial cell line HeLa, a line of 
spontaneously immortalized mouse oviduct epithelium cells [20] 
and mouse embryonic fibroblasts (MEFs) for infection with C. 
trachomatis serovar L2. Persistence was induced by addition of 
100 U/ml penicillin G (PenG) at the time of infection. The 
infection rate (inclusions per bacteria added) was only mildly 



reduced by this treatment but all developing inclusions harbored 
large aberrant RBs (data not shown). 

In the presence of PenG the chlamydial inclusion still grew 
almost to the same size as in acute infection within the first 24 h 
but then almost stopped growing (Fig. 1; all the raw data used to 
calculate the results shown in this manuscript are given in Table 
SI) (this has been observed before [21]). At 24 h p.i. the inclusions 
in acute (compared to persistent) infection were larger by a factor 
of 1.14 in HeLa, 1.45 in oviduct and 1.53 in MEF cells. In acute 
infection the inclusion appears densely packed with Chlamydia. In 
PenG-treated cultures (as observed before [21]) there appeared to 
be free space unoccupied by bacteria in the inclusions, which 
contained no more than 4—6 aberrant RBs (not shown). 

GA-fragmentation in acute and persistent infection 

GA-fragmentation is now a well-established event of chlamydial 
infection, and we have found it also during ectopic expression of 
CPAF [15]. We next tested whether Golgi-fragmentation also 
occurred in PenG-induced persistence. We first generated a HeLa 
cell line stably expressing (3- 1 ,4-galactosyltransferase fused to YFP. 
Beta- 1 ,4-galactosyltransfrase localizes to the GA [24], and the 
fusion to YFP permits easy assessment of GA-structure. This cell 
line was infected with C. trachomatis with or without addition of 
PenG. 

The GA was clearly visible in all cells. During both acute and 
persistent infection fragmentation of the GA was apparent 
(Figure 2A). Between about 80% and 95% of infected cells 
displayed GA-fragmentation. This fraction was slightly higher at 
48 h compared to 24 h in both conditions and slighdy higher in 
acute compared to persistent infection although this latter 
difference was not statistically significant (Fig. 2B). Golgi-frag- 
mentation therefore still occurs in PenG-induced persistence of C. 
trachomatis. 

CPAF-deficient mutants have been described recently, which 
were found to induce Golgi-fragmentation in a way identical or 
very similar to the wild type strain [14]. We used two of the 
described mutant strains to confirm these results. The two mutants 
(RST5 and RST17) differ in that RST17 has a nonsense mutation 
in CPAF (i.e. can express only a truncated CPAF); on top of this 
there are only three more nucleotides different [14]. Although the 
induction of Golgi-fragmentation by these two strains was slighdy 
below our wild type, there was no difference between the two 
strains (whose main difference is the expression of CPAF), 
confirming that CPAF is not essential for Golgi-fragmentation 
during infection with C. trachomatis (Fig. 2A, B). 

Sphingomyelin-transport to the inclusion during PenG- 
induced persistence 

Sphingomyelin (SM) is at least in part acquired by C. 
trachomatis in a post-GA-vesicular trafficking pathway [11] 
although some SM can also be transported through direct transfer 
from the ER [25,26]. When fluorescent ceramide is added to 
infected cells, SM-transport to first the inclusion membrane and 
then into the bacterial membranes can be visualized. Since this 
transport occurs in the presence of GA-fragmentation and is likely 
to be linked to both growth of inclusion membrane and division of 
the bacteria we measured SM-transport to the inclusion in PenG- 
induced persistence. Fluorescent ceramide was added to the 
cultures and transport of the fluorescence signal to the inclusion 
and into the bacteria was monitored. 

During these experiments, fluorescence can be detected both in 
the inclusion membrane and, somewhat later, in the bacteria. 
Since the shape of aberrant bacteria is severely distorted we 
quantified sphingomyelin-transport by measuring the increase in 
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Figure 1. Inclusion size during acute and persistent chlamydial infection and in the presence of peptide inhibitors. HeLa, oviduct 
epithelial cells and MEFs were infected with C. trachomatis L2 at an MOI of 1 with or without addition of 1 00 U/ml PenG. At 24 or 48 h post infection, 
cells were fixed, processed for immunofluorescence and inclusion size was measured. Shown are the means of 3 independent experiments ± SEM, 1 5 
view-fields per sample were evaluated using the AxioVision Software (number of inclusions measured = 244, 219, 299, 295 for HeLa; 201, 209, 164, 160 
for oviduct and 135, 212, 181, 153 for MEFs). C. trachomatis is also inhibited by lower concentrations of PenG [42] but this concentration has been 
used before [21]. 
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minimum, average or maximum intensity inside the inclusion 
upon addition of fluorescently labelled ceramide. As shown in 
Fig. 3, the increase in average intensity was very similar in acute 
and persistent infection. The maximum intensity was even 
stronger in persistent infection, possibly as a consequence of the 
concentration of the dye in fewer (albeit bigger) individual 
bacteria. Taken together, the data indicate that the association 
of GA-fragmentation and sphingomyelin-transport into the 
inclusion is maintained in persistent infection. Golgi-fragmentation 
may thus be associated with changes in post-GA transport 
mechanisms. 

CPAF-expression and secretion in acute and persistent 
infection 

CPAF is produced as a zymogen, processed during its activation 
and secreted dependent on the bacterial type II-secretion system 
[27]. How CPAF reaches the cytosol is uncertain. During 
'persistence' of both C. pneumoniae [28] and C. trachomatis [29] 
CPAF-secretion into the cytosol has been reported not to occur. 

Expression of processed (active) CPAF was detectable in all 
three cell types by Western blotting. PenG clearly reduced the 
amount of active CPAF but the active protease was still easily 
detectable in lysates from all cell lines and at all time points tested 
(Fig. 4). Since substantial CPAF-dependent proteolysis of host cell 
proteins is known to occur during extraction with detergent [13], 
we also performed extraction in buffer containing 8 M urea 
(reported not to permit this extraction-associated cleavage). In 
detergent extracted lysates only active CPAF was detected (Fig. 4A 
and not shown), and the same was the case for urea-extracts in 
acute infection (Fig. 4B) (the latter has been reported before [13]). 
However, substantial amounts of unprocessed CPAF were 
detectable in urea-extracts from PenG-treated infected cultures 
(Fig. 4B). This suggests that PenG-treatment indeed reduces the 
processing of CPAF and that further artificial processing of CPAF 



can occur when cultures containing unprocessed CPAF are 
extracted with detergent. 

Immunofluorescence experiments identified cytosolic CPAF 
most often at one pole of the inclusion during acute infection, a 
staining pattern commonly reported for CPAF (Fig. 5A). In 
persistent infection, the number of cells with cytosolic CPAF- 
staining was reduced but CPAF was still found around the 
inclusion in about 10-15% of cells (Fig. 5A and data not shown). A 
similar experiment was performed with YFP-Golgi-HeLas to 
quantify the cytosolic presence of CPAF with respect to 
fragmentation of the GA. The results show that in acute infection 
62% of the infected cells with fragmented GA displayed cytosolic 
CPAF; with PenG treatment this rate dropped to 14.4% (Fig. 5C). 

Immune-EM confirmed these findings (Fig. 5B). CPAF was 
found freely in the cytosol in acute infection; in persistent infection 
the portion of cells where CPAF was detected outside the inclusion 
was strongly reduced but some cells were still identified where 
CPAF was cytosolic (Fig. 5B). Quantification of this labelled CPAF 
shows that there are significantly more immune-gold particles in 
the cytosol of acutely infected cells in comparison to PenG-treated 
infections (Fig. 5D). 

CPAF therefore appears to be made at lower levels also during 
PenG-treatment of C. trachomatis-infected cells but secretion into 
the cytosol is strongly reduced, as already shown for other 
situations of chlamydial persistence. Since there is thus no 
detectable CPAF in the cytosol of most persistendy infected cells 
but Golgi-fragmentation and sphingomyelin-transport into the 
inclusion are not reduced, it seems clear that the cytosolic CPAF is 
not required for these events. 

Discussion 

Many of the known cell biological effects of chlamydial infection 
are not understood down to the molecular level. Genetic 
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Figure 2. Golgi-fragmentation during acute and persistent infection. (A) YFP-Golgi-HeLa cells were infected with C. trachomatis L2 with or 
without addition of 100 U/ml PenG, RST17 (CPAF-) and the corresponding control strain RST5 (CPAF+) [14], incubated for the indicated times and 
processed for immunofluorescence. Blue: Hoechst DNA-stain, yellow: GA, pink: Chlamydia. All images were taken at 40-fold magnification. Arrows 
point to uninfected cells displaying a normal, not fragmented GA. (B) Quantification of the portion of infected cells showing a fragmented GA. All 
infected cells as well as all infected cells with fragmented GA were counted and the ratio of fragmentation-positive cells was calculated (number of 
infected cells counted: 499, 629, 478, 517, 397, 475, 380, 522 from left to right). Shown are means of 3 independent experiments ± SEM. 
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modification of Chlamydia is, although now in principle possible, 
still not readily available. C. trachomatis mutants have been made 
especially by random mutagenesis [30] and sometimes to some 
degree characterized, as was done for a CPAF-deficient mutant 
recently [14]. When we embarked on this study we therefore used 
a system of in vitro persistence to test the relationship between 
CPAF-secretion into the cytosol, Golgi-fragmentation and sphin- 
gomyelin-transport into the inclusion; a CPAF-deficient mutant 
was eventually used to confirm some aspects. The results show a 
co-occurrence of Golgi-fragmentation and sphingomyelin-trans- 
port also in persistent infection, compatible with the view that the 
two events are causally linked. At least at the level of microscopical 
examination, these two events however appeared independent of 
cytosolic CPAF. The CPAF-deficient strain induced normal Golgi- 
fragmentation, confirming recent results [14]. 

Based on our previous results that ectopic CPAF-expression can 
cause Golgi-fragmentation [15] we had expected that the presence 
of cytosolic CPAF correlates with Golgi-fragmentation. This was 
however clearly not the case, at least not in as far as the detection 
by immunostaining permits. CPAF thus can induce Golgi- 
fragmentation but Chlamydia can induce Golgi-fragmentation 



without CPAF, suggesting two independent mechanisms. It is 
difficult to quantify Golgi-fragmentation, and it is possible that the 
fragmentation is stronger or even different in some way in the 
presence of CPAF. Morphological changes to the GA that appear 
as 'fragmentation' are found in many physiological, pathophysi- 
ological and experimental circumstances: mitosis [31] (linked to 
MAP kinase activity [32]), cellular stress such as heat shock [33] or 
treatment with a nitric oxide scavenger [34] are examples; Golgi- 
fragmentation is associated with neurodegenerative diseases such 
as Parkinson's or amyotrophic lateral sclerosis [35], among others. 
Golgi-fragmentation occurs upon experimental reduction of GA 
matrix proteins [36] or overexpression of other proteins (BOK is 
an example [37]); it has been described in viral infection [38], in 
infection with Legionella [39] and with Shigella [40] as well as 
with Toxoplasma [41] (these are only examples). Indeed, we have 
endeavoured to look at Golgi-fragmentation in Chlamydia-miected 
MEFs but found that the GA had a fragmented appearance even 
during normal culture in the absence of infection (data not shown). 

This variety of stimuli may cause Golgi-fragmentation by one 
common mechanism triggered by all of them, or by a variety of 
molecular pathways; presumably, most instances of interference 
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Figure 3. Ceramide transport in acute and persistent infection. Hela cells were infected with C. trachomatis L2 at an MOI of 1 for 24 h without 
(A) or with addition of 100 U/ml PenG (B). Confocal microscopic movies were recorded and exemplary pictures taken 30, 120 and 180 minutes after 
addition of BODIPY-FL C 5 ceramide are shown. The right column gives enlargements of the area indicated by the square. The heatmap ranges from 
purple (low intensity) to white (high intensity). (C) Quantification of fluorescence intensity. Averages of two independent experiments are given ± 
SEM (35 inclusions in acute and 26 inclusions in persistent infection). 
doi:1 0.1 371 /journal.pone.01 03220.g003 



with exocytic vesicular transport can affect GA-integrity. Either 
way, since many triggers can end up with Golgi-fragmentation it is 
easily possible that Chlamydia generates two separate triggers, one 
of which may be CPAF. 

Sphingomyelin/ceramide-acquisition through interception of 
post-GA-transport vesicles by the chlamydial inclusion has been 
described many years ago. Although the evidence is suggestive that 
Golgi-fragmentation is causally linked to sphingomyelin-uptake 
and to chlamydial growth it has to be acknowledged that there is 
no direct proof. The peptide inhibitors WEHD-fmk (developed as 
a caspase- 1 -inhibitor) as well as the calpain inhibitor III inhibited 
both Golgi-fragmentation and chlamydial growth [12]. This may 



mean that the inhibitors block an essential protease - and WEHD- 
fmk blocks the effects of CPAE-expression [15] - but it may also be 
an indirect effect. It is possible that the inhibitors block any activity 
of Chlamydia and thereby block its growth (independentiy of 
CPAF or other proteases), and Chlamydia may therefore simply 
not reach the stage where it fragments the GA. The inhibitors may 
also interfere with cellular vesicular transport and thereby inhibit 
Chlamydia. Knock-down of golgin-84 pardy reversed the effect of 
WEHD-fmk; this may mean that the cleavage of golgin-84 [12] 
(later disputed to occur in intact cells [13]) is a driving mechanism. 
However, since golgi-84-KD strongly increases chlamydial growth 
on its own, it is difficult to separate the effects. 
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Figure 4. CPAF expression during acute and persistent infection. HeLa, oviduct epithelial cells and MEFs were infected with C. trachomatis L2 
at an MOI of 1 with or with addition of 1 00 U/ml PenG. Shown are representative Western Blots of uninfected (Control), acutely infected (Infection) or 
persistently (PenG) infected cells. Whole cell lysates were prepared with either RIPA (A) or UREA (B) extraction buffer (see methods) at 24, 40 and 48 h 
p.i. and 10 u.g protein was loaded onto each lane. CPAFc: active CPAF; cHsp60: chlamydial Hsp60 protein; Actin: used as loading control. 
doi:1 0.1 371 /journal.pone.01 03220.g004 
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Figure 5. CPAF localisation during acute and persistent infection. (A) HeLa cells were infected with C. trachomatis L2 at an MOI of 1, with or 
without addition of 100 U/ml PenG, incubated for 24 or 48 h and processed for immunofluorescence. Blue: Hoechst DNA-stain, red: CPAF, green: 
Chlamydia. All images were taken at 100-fold magnification. For quantification of cell numbers with Golgi-fragmentation and detectable cytosolic 
CPAF see Fig. 5C. (B) Immunogold labelling of CPAF in HeLa cells infected for 30 h with C. trachomatis L2 at an MOI of 1 without (upper row) or with 
addition of 100 U/ml PenG (lower row). Black arrows indicate CPAF inside the inclusions, white or grey arrowheads indicate free CPAF in the 
cytoplasm. For quantification of the staining see Fig. 5D. (C) Relative numbers of infected cells that show cytosolic CPAF as well as Golgi 
fragmentation in immunofluorescence. YFP-Golgi-HeLa cells were infected for 24 h without or with addition of 100 U/ml PenG, fixed and stained for 
CPAF and DNA as in (A). All infected cells and all infected cells with fragmented GA and cytosolic CPAF were counted, and the relative number of 
infected cells with cytosolic CPAF as the share of total cells with fragmented GA was calculated (number of infected cells counted: 434, 318). Shown 
are means of 4 independent experiments ± SEM. (D) Quantification of immunogold-labelled CPAF as shown in (B). Regions of inclusions or 
cytoplasm were outlined using ITEM software and the number of gold particles was counted within these regions. Uninfected but stained cells were 
used as negative control. 
doi:10.1371/journal.pone.0103220.g005 



It has to be noted that there are a few remarkable coincidences. 
CPAF causes Golgi-fragmentation and Golgi-fragmentation oc- 
curs during chlamydial infection; however, Golgi-fragmentation 
during infection appears not to require CPAF. WEHD-fmk blocks 
CPAF [15] and blocks chlamydial sphingomyelin acquisition and 
growth [12]; however, at least sphingomyelin acquisition seems to 
proceed normally without cytosolic CPAF. This may seem 
extraordinary but nevertheless it is the conclusion supported by 
the sum of the available evidence. 

We believe that our data, by looking at a model of persistent 
infection, add to the understanding of cell biological events that 
occur during chlamydial infection. However, substantially more 
work is likely necessary to understand the function of CPAF, as 
well as Golgi-fragmentation and sphingomyelin-transport, whether 
linked to CPAF or not. 

References 

1. Gerbasc AC, Rowley JT, Mertens TE (1998) Global epidemiology of sexually 
transmitted diseases. Lancet 351 Suppl 3: 2-4. 

2. Bclland R, Ojcius DM, Byrne GI (2004) Chlamydia. Nat Rev Microbiol 2: 530- 
531. 

3. Haider S, Wagner M, Schmid MC, Sixt BS, Christian JG, et al. (2010) Raman 
microspeetroscopy reveals long-term extracellular activity of Chlamydiae. Mol 
Microbiol 77: 687-700. 

4. Wylie JL, Hatch GM, McClarty G (1997) Host cell phospholipids arc trafficked 
to and then modified by Chlamydia trachomatis. J Bacteriol 179: 7233-7242. 

5. Hatch GM, McClarty G (1998) Phospholipid composition of purified Chlamydia 
trachomatis mimics that of the eucaryotic host cell. Infect Immun 66: 3727- 
3735. 

6. Carabco RA, Mead DJ, Hackstadt T (2003) Golgi-dependent transport of 
cholesterol to the Chlamydia trachomatis inclusion. Proc Natl Acad Sci USA 
100:6771-6776. 

7. van Ooij C, Kalman L, van I, Nishijima M, Hanada K, et al. (2000) Host cell- 
derived sphingolipids are required for the intracellular growth of Chlamydia 
trachomatis. Cell Microbiol 2: 627-637. 

8. Hackstadt T, Scidmore MA, Rockey DD (1995) Lipid metabolism in Chlamydia 
trachomatis-infeeted cells: directed trafficking of Golgi-dcrivcd sphingolipids to 
the chlamydial inclusion. Proc Nad Acad Sci U S A 92: 4877-4881. 

9. Elwell CA, Engel JN (2012) Lipid acquisition by intracellular Chlamydiae. Cell 
Microbiol 14: 1010-1018. 

10. Scidmore MA, Fischer ER, Hackstadt T (1996) Sphingolipids and glycoproteins 
are differentially trafficked to the Chlamydia trachomatis inclusion. J Cell Biol 
134: 363-374. ' 

11. Hackstadt T, Rockey DD, Heinzen RA, Scidmore MA (1996) Chlamydia 
trachomatis interrupts an exoeytic pathway to acquire endogenously synthesized 
sphingomyelin in transit from the Golgi apparatus to the plasma membrane. 
EmboJ 15: 964-977. 

12. Hcucr D, Lipinski AR, Machuy N, Karlas A, Wchrcns A, et al. (2009) 
Chlamydia causes fragmentation of the Golgi compartment to ensure 
reproduction. Nature 457: 731-735. 

13. Chen ALJohnson KA, LccJK, Suttcrlin C, Tan M (2012) CPAF: a Chlamydial 
protease in search of an authentic substrate. PLoS Pathog 8: cl002842. 

14. Snavcly EA, Kokcs M, Dunn JD, Saka HA, Nguyen BD, et al. (2014) 
Reassessing the role of the secreted protease CPAF in Chlamydia trachomatis 
infection through genetic approaches. Pathog Dis. 

15. Christian JG, Hcymann J, Paschen SA, Vier J, Schauenburg L, et al. (2011) 
Targeting of a chlamydial protease impedes intracellular bacterial growth. PLoS 
Pathog 7: el002283. 

16. Zhong G (2009) Killing mc softly: chlamydial use of proteolysis for evading host 
defenses. Trends Microbiol 17: 467-474. 



Supporting Information 

Table SI Contains all raw data of the numerical data 
shown in the figures. 

(XLSX) 

Acknowledgments 

We thank Dr. R. M. Johnson for providing mouse oviduct epithelial cells, 
Dr. R. H. Valdivia for providing the CPAF mutant strains, Arlcna Metz for 
expert technical assistance and Juliane Vier for helpful discussions. 

Author Contributions 

Conceived and designed the experiments: SD KH GH. Performed the 
experiments: SD KH LV TN OK. Analyzed the data: SD KH LV TN OK 
GH. Contributed reagents/materials/analysis tools: TN OK. Contributed 
to the writing of the manuscript: SD GH. 



17. Wyrick PB (2010) Chlamydia trachomatis persistence in vitro: an overview. 
J Infect Dis 201 Suppl 2: S88-95. 

18. Beatty WL, Morrison RP, Byrne GI (1994) Persistent chlamydiae: from cell 
culture to a paradigm for chlamydial pathogenesis. Microbiol Rev 58: 686-699. 

19. Weber A, Kircjczyk Z, Potthoff'S, Ploncr C, Hacker G (2009) Endogenous Noxa 
Determines the Strong Proapoptotic Synergism of the BH3-Mimetic ABT-737 
with Chcmothcrapcutic Agents in Human Melanoma Cells. Transl Gncol 2: 73- 
83. 

20. Johnson RM (2004) Murine oviduct epithelial cell cytokine responses to 
Chlamydia muridarum infection include intcrlcukin-12-p70 secretion. Infect 
Immun 72: 3951-3960. 

21. Skilton RJ, Cutcliffen LT, Barlow D, Wang Y, Salim O, et al. (2009) Penicillin 
induced persistence in Chlamydia trachomatis: high quality time lapse video 
analysis of the developmental cycle. PLoS One 4: e7723. 

22. Christian J, Vier J, Paschen SA, Hacker G (2010) Cleavage of the NF-{kappa}B 
family protein p65/RcLA by the chlamydial protcase-likc activity factor (CPAF) 
impairs proinflammatory signaling in cells infected with Chlamydiae. J Biol 
Chem 285: 41320-41327. 

23. Watzele G, Berger EG (1990) Near identity of HeLa cell galactosyltransferase 
with the human placental enzyme. Nucleic Acids Res 18: 7174. 

24. Lisauskas T, Matula P, Claas C, Reusing S, Wiemann S, ct al. (2012) Live-cell 
assays to identify regulators of ER-to-Golgi trafficking. Traffic 13: 416-432. 

25. Derrc I, Swiss R, Agaisse H (2011) The lipid transfer protein CERT interacts 
with the Chlamydia inclusion protein IncD and participates to ER-Chlamydia 
inclusion membrane contact sites. PLoS Pathog 7: el002092. 

26. Elwell CA, Jiang S, Kim JH, Lee A, Wittmann T, ct al. (2011) Chlamydia 
trachomatis co-opts GBFl and CERT to acquire host sphingomyelin for distinct 
roles during intracellular development. PLoS Pathog 7: el 002 198. 

27. Chen D, Lei L, Lu C, Florcs R, DcLisa MP, ct al. (2010) Secretion of the 
chlamydial virulence factor CPAF requires the Scc-dcpcndent pathway. 
Microbiology 156: 3031-3040. 

28. Heuer D, Brinkmann V, Meyer TF, Szczepek AJ (2003) Expression and 
translocation of chlamydial protease during acute and persistent infection of the 
epithelial HEp-2 cells with Chlamydophila (Chlamydia) pneumoniae. Cell 
Microbiol 5: 315-322. 

29. Wang J, Frohlich KM, Buckncr L, Quaylc AJ, Luo M, ct al. (2011) Altered 
protein secretion of Chlamydia trachomatis in persistently infected human 
endocervical epithelial cells. Microbiology 157: 2759-2771. 

30. Nguyen BD, Valdivia RH (2012) Virulence determinants in the obligate 
intracellular pathogen Chlamydia trachomatis revealed by forward genetic 
approaches. Proc Natl Acad Sci U S A 109: 1263-1268. 

31. Lucocq JM, Warren G (1987) Fragmentation and partitioning of the Golgi 
apparatus during mitosis in HeLa cells. EMBO J 6: 3239-3246. 



PLOS ONE | www.plosone.org 



9 



July 2014 | Volume 9 | Issue 7 | e103220 



CPAF Activity in Acute and Persistent Chlamydial Infection 



32. Acharya U, Mallabiabarrcna A, Acharya JK, Malhotra V (1998) Signaling via 
mitogen- activated protein kinase kinase (MEK1) is required for Golgi 
fragmentation during mitosis. Cell 92: 183-192. 

33. Welch WJ, Suhan JP (1985) Morphological study of the mammalian stress 
response: characterization of changes in cytoplasmic organelles, cytoskeleton, 
and nucleoli, and appearance of intranuclear aetin filaments in rat fibroblasts 
after heat-shock treatment. J Cell Biol 101: 1198-1211. 

34. Lec JE, Patcl K, Almodovar S, Tuder RM, Flores SC, ct al. (201 1) Dependence 
of Golgi apparatus integrity on nitric oxide in vascular cells: implications in 
pulmonary arterial hypertension. Am J Physiol Heart Circ Physiol 300: HI 141— 
1158. 

35. Gonatas NK, Stieber A, Gonatas JO (2006) Fragmentation of the Golgi 
apparatus in neurodegenerative diseases and cell death. J Neurol Sei 246: 21-30. 

36. Diao A, Rahman D, Pappin DJ, Lucocq J, Lowe M (2003) The coiled-coil 
membrane protein golgin-84 is a novel rab effector required for Golgi ribbon 
formation. J Cell Biol 160: 201-212. 

37. Echeverry N, Bachmann D, Ke F, Strasser A, Simon HU, ct al. (2013) 
Intracellular localization of the BCL-2 family member BOK and functional 
implications. CeU Death Differ 20: 785-799. 



38. Zhou Z, Mogensen MM, Powell PP, Curry S, Wileman T (2013) Foot-and- 
mouth disease virus 3C protease induces fragmentation of the Golgi 
compartment and blocks intra-Golgi transport. J Virol 87: 11721-11729. 

39. Maehncr MP, Isberg RR (2006) Targeting of host Rab GTPase function by the 
intravacuolar pathogen Legionella pneumophila. Dev Cell 1 1 : 47-56. 

40. Mounicr J, Boncompain G, Sencrovic L, Lagache T, Chretien F, et al. (2012) 
Shigella effector IpaB-induced cholesterol relocation disrupts the Golgi complex 
and recycling network to inhibit host cell secretion. Cell Host Microbe 12: 381- 
389. 

41. RomanoJD, Sonda S, Bcrgbowcr E, Smith ME, Coppcns I (2013) Toxoplasma 
gondii salvages sphingolipids from the host Golgi through the rerouting of 
selected Rab vesicles to the parasitophorous vacuole. Mol Biol Cell 24: 1974- 
1995. 

42. Dumoux M, Lc Gall SM, Habbeddine M, Delarbre C, Hayward RD, et al. 
(2013) Penicillin kills Chlamydia following the fusion of bacteria with lysosomes 
and prevents genital inflammatory lesions in C. muridarum-infectcd mice. PLoS 
One 8: c83511. 



PLOS ONE | www.plosone.org 



10 



July 2014 | Volume 9 | Issue 7 | e103220 



